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SilencingPathogenicity proteins (AL2/C2) of begomo- and curtoviruses suppress silencing through inhibition of the
methyl cycle, as a consequence of inhibiting adenosine kinase (ADK). ADK phosphorylates cytokinin
nucleosides, helping maintain a pool of bioactive cytokinins through interconversion of free-bases,
nucleosides and nucleotides. We provide evidence that inhibiting ADK affects expression of primary
cytokinin-responsive genes. Speciﬁcally, we demonstrate increased activity of a primary cytokinin-
responsive promoter in adk mutant Arabidopsis plants, and in response to silencing ADK expression or
inhibiting ADK activity in transient assays. Similar changes in expression are observed in geminivirus
infected tissue and when AL2/C2 are over-expressed. Increased cytokinin-responsive promoter activity may
therefore be a consequence of an ADK/AL2/C2 interaction. Application of exogenous cytokinin increases
susceptibility to geminivirus infection, characterized by a reduced mean latent period and enhanced viral
replication. Thus, ADK appears to be a high value target of geminiviruses that includes increasing expression
of primary cytokinin-responsive genes.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Geminiviruses are a diverse group of phytopathogenic viruseswith
a circular single-stranded (ss) DNA genome. These viruses replicate in
the nuclei of infected plant cells through double-stranded (ds) DNA
replicative form (RF) intermediates and rely extensively on the host
for replication and transcription of the viral genome. Begomoviruses,
including Cabbage leaf curl virus (CaLCuV) and Tomato golden mosaic
virus (TGMV), and Curtoviruses, including Spinach curly top virus
(SCTV), encode multifunctional proteins that function as pathogenic-
ity factors (Baliji et al., 2007; Lacatus and Sunter, 2008; Sunter et al.,
2001). The TGMV AL2 protein is a transcription factor, required for
coat protein (CP) and nuclear shuttle protein (NSP) gene expression
(Sunter and Bisaro, 1991, 1992), and localizes to both the cytoplasmic
and nuclear compartments of the cell (Wang et al., 2003; Yang et al.,
2007). By contrast, Beet curly top virus (BCTV) L2 and SCTV C2 share
limited amino acid sequence homology with TGMV AL2, lack an
obvious transcriptional activation domain, and are unable to comple-
ment a mutation in the TGMV AL2 gene (Baliji et al., 2004, 2007;
Hormuzdi and Bisaro, 1995; Stanley et al., 1992; Sunter et al., 1994).
Despite the lack of any sequence similarity, these proteins do share a
common function in viral pathogenesis through interaction with two
cellular kinases, Arabidopsis AKIN11 and adenosine kinase 2 (ADK2)(Baliji et al., 2007; Hao et al., 2003; Wang et al., 2003). AKIN11 is a
serine/threonine kinase belonging to subgroup 1 of the SNF1-related
protein kinases (SnRK1) that respond to nutritional and environmen-
tal stress. Closely related homologs include yeast SNF1 and mamma-
lian AMP-activated (AMPK) protein kinases. When expressed as
transgenes, a truncated TGMV AL2 and full-length BCTV L2 cause
enhanced susceptibility to infection by TGMV, BCTV and an unrelated
RNA virus, Tobacco mosaic virus (TMV) (Hao et al., 2003; Sunter et al.,
2001). Observations that reducing expression of snRK1 also results in
enhanced susceptibility, and over-expression of snRK1 leads to
enhanced resistance to geminivirus infection, suggests that metabolic
responses mediated by SnRK's are part of the plant innate defense
response (Hao et al., 2003).
Evidence to date indicates that geminiviruses target ADK to
suppress antiviral RNA silencing, most likely through inhibition of
the methyl cycle (Buchmann et al., 2009; Raja et al., 2008;Wang et al.,
2005). ADK is important for sustaining S-adenosylmethionine-
dependent methyltransferase activity, and ADK deﬁciencies in yeast
and Arabidopsis result in reduced methylation (Lecoq et al., 2001;
Moffatt et al., 2002; Schoor and Moffatt, 2004; Weretilnyk et al.,
2001). As histone and DNA methylation are known to be associated
with RNA silencing this suggests a link between ADK inhibition by
geminivirus AL2/C2 proteins and viral pathogenesis. A recent report
suggests that AL2/C2 proteins suppress transcriptional gene silencing
by inhibiting cellular transmethylation reactions thus counteracting
methylation of the viral chromatin (Buchmann et al., 2009).
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inhibition of ADK by geminivirus AL2/C2 would prevent inactivation
of SnRK1 (Wang et al., 2003, 2005). ADK is a key component of the
adenosine salvage pathway and catalyzes the conversion of adenosine
to 5′AMP. This prevents accumulation of potentially inhibitory levels
of purines and maintains intracellular AMP levels (Moffatt et al.,
2000). Increasing intracellular AMP:ATP ratios generated during an
infection would lead to a rapid metabolic response, mediated by
activation of SnRK1 (Hao et al., 2003). The interaction between ADK
and AL2/C2 would inhibit activation of SnRK1 by 5′ AMP. Although
plant SnRK1 complexes are not known to be allosterically activated by
AMP, inactivation of spinach SnRK1 is inhibited by low concentrations
of 5′-AMP through binding to the kinase (Sugden et al., 1999).
A potential consequence of inhibiting ADK could relate to the role of
ADK in cytokinin metabolism and cell cycle progression (Kwade et al.,
2005). Cytokinins are phytohormones that act to promote cell
proliferation and are found in almost all higher plants as well as
mosses, fungi and bacteria. These compounds are N6-substituted
adenine derivatives and ADK isolated from the moss Physcomitrella
patens functions in the conversion of cytokinins to their nucleotide
forms (von Schwartzenberg et al., 1998). ADK therefore appears to play
an important role in regulating the relative levels of different cytokinin
forms within the cell. Inhibition of ADK activity by AL2/C2 could
therefore prevent phosphorylation of cytokinin nucleosides, blocking
conversion to low activity nucleotide forms. This would increase the
pool of bioactive cytokinins necessary for plant cell cycle progression,
which geminiviruses rely on for replication of their DNA genome.
These observations prompted our current investigation into the
role of geminivirus AL2/C2 in altering cytokinin responses through
interaction with ADK. We provide evidence for a third, novel reason
that geminiviruses target ADK: manipulating expression of cytokinin-
responsive genes. We discuss the relevance of increased cytokinin
levels for replication and maintenance of the viral genome.
Results
Activity of an Arabidopsis cytokinin-responsive promoter increases in
response to replicating geminiviruses in Nicotiana benthamiana leaves
To determine whether geminivirus infection has an effect on
cytokinin responses, we utilized a previously characterized cytokinin-
responsive gene.Arabidopsis response regulator 5 (ARR5) is amember of
the Type A cytokinin primary response genes that provide the initial
response to increases in active cytokinin signaling. When fused to the
GUS reporter gene the ARR5 promoter (ARR5::GUS) confers cytokinin-
inducible gene expression ubiquitously (D'Agostino et al., 2000). To test
whether the ARR5 promoter would be responsive to cytokinins in N.
benthamiana, we ﬁrst infused leaves with Agrobacterium cultures
containing the ARR5::GUS construct and analyzed GUS expression by
histochemical staining six days post-infusion. Expression of the GUS
reporter, visualized by a blue precipitate, is indicative of ARR5 promoter
activity. A low level of GUS staining was detected in leaves co-infused
with the ARR5::GUS construct and an Agrobacterium culture containing
empty vector (Fig. 1A), likely a response to the infusion process and/or
Agrobacterium, which served as a negative control for our experi-
ments. GUS staining increasedwhen 5 µM benzylamino purine (BAP), a
synthetic cytokinin,was included in the infusion (Fig. 1B). This conﬁrms
that the Arabidopsis ARR5 promoter is responsive to exogenous
application of cytokinins in most cells of N. benthamiana leaves, as
previously determined for Arabidopsis (D'Agostino et al., 2000; Hwang
et al., 2002). We then tested the response to replicating geminiviruses
by co-infusing N. benthamiana leaves with Agrobacterium cultures
containing the ARR5::GUS construct and cloned DNA containing
tandemly repeated copies of wild type genomes for either SCTV or
TGMV DNA A. In the case of TGMV only the A component was used
which removes any possible effects due to movement of the viral DNA(Sunter et al., 1987). Elevated levels of GUS stainingwere seen in leaves
co-infused with the ARR5::GUS construct and SCTV (Fig. 1C) or TGMV
(Fig. 1D) when compared to the negative control (Fig. 1A). These re-
sults demonstrate that increased activity of the cytokinin-responsive
promoter correlates with the presence of geminivirus DNA. No increase
in ARR5 promoter activitywas detectedwhen Agrobacterium containing
a non-replicating TGMV A genome was used (data not shown). This
suggests that the presence of replicating viral DNA is necessary for the
observed increase in ARR5 promoter activity.
Geminivirus pathogenicity factors AL2 and C2 increase the activity of a
cytokinin-responsive promoter
To determine which geminivirus gene/protein was responsible for
the observed increases in cytokinin-responsive promoter activity, we
co-infusedN. benthamiana leaves with the ARR5::GUS construct in the
presence of Agrobacterium cultures containing plasmidDNA capable of
expressing individual geminivirus genes from the Cauliﬂower mosaic
virus (CaMV) 35S promoter. As compared to the control (Fig. 1A) there
is an increase in GUS staining in N. benthamiana leaves infused with
Agrobacterium cultures containing either TGMV AL2 or SCTV C2
(Figs. 1E and F). In contrast, no increase above the control (Fig. 1A)
was observed when N. benthamiana leaves were co-infused with
Agrobacterium cultures containing constructs capable of expressing
either TGMV AL1 or AL3 (Figs. 1G and H). This conﬁrms that the TGMV
AL2 and SCTV C2 gene products are sufﬁcient to increase the activity of
a primary cytokinin-responsive promoter in N. benthamiana leaves.
The observation that SCTVC2, lacking a transcription function (Baliji et
al., 2007), also results in increased ARR5 promoter activity would lead
us to believe that this is not a direct effect of transcriptional activation
by TGMV AL2. Similar increases in GUS staining were also observed
when the ARR5::GUS construct was co-infused with AL2 of Cabbage
leaf curl virus (CaLCuV), another bipartite geminivirus (data not
shown). This data suggests that response of a cytokinin-inducible
promoter to geminivirus pathogenicity proteins is conserved across
two genera within the Geminiviridae family.
Inhibition of ADK but not AKIN11 leads to increased activity of a
cytokinin-responsive promoter
TGMV AL2 and SCTV C2 interact with and inhibit two cellular
kinases, SnRK1 (AKIN11 in Arabidopsis) and ADK, both in vitro and
in vivo (Baliji et al., 2007; Wang et al., 2003). We therefore tested
whether increased ARR5 promoter activity is a consequence of one, or
both, of these interactions. We ﬁrst used an RNAi approach, using
inverted repeat constructs designed to express dsRNA (dsADK and
dsAKIN11) that is known to reduce their target mRNA levels in
infused N. benthamiana leaves (Wang et al., 2005). Co-infusion of
N. benthamiana leaves with Agrobacterium cultures containing ARR5::
GUS and dsADK constructs led to increased ARR5 promoter activity, as
evidenced by increased accumulation of GUS staining (Fig. 1I) when
compared with the control infusion (Fig. 1A). In contrast, no increase
in GUS staining when compared to the control was observed when
ARR5::GUS was co-infused with Agrobacterium cultures containing
the dsAKIN11 construct (Fig. 1J). These results indicate that silencing
and/or suppression of endogenous ADK, but not SnRK1, mRNA leads
to increased activity from a cytokinin-responsive promoter.
To determine whether reduced ADK activity is required for the
observed increases in cytokinin-responsive promoter (Fig. 1I), we used
the chemical inhibitor A-134974, an adenosine analogue, known to
selectively inhibit rat ADK (McGaraughty et al., 2001) and to reduce
ADK protein activity in plants (Wang et al., 2005). Increased GUS
staining was observed when the ARR5::GUS construct was co-infused
with theADK inhibitor indicating highARR5promoter activity (Fig. 1K).
These results suggest that inhibition of ADK either by reducing ADK
mRNA levels or inhibiting ADK activity, leads to increased ARR5
Fig. 1. Increased ARR5::GUS promoter activity in response to geminiviruses. Panels A through K illustrate N. benthamiana leaf sections stained for the presence of GUS. Leaves were co-
infusedwithAgrobacterium cultures containing theARR5::GUS promoter–reporter in the presence of: A) empty vector; B) 5 µMbenzylaminopurine; C)WTSCTV;D)WTTGMVDNAA;
E) TGMVAL2; F) SCTV C2; G) TGMVAL1; H) TGMVAL3; I) dsADK; J) dsAKIN11; and K) ADK inhibitor A-134974. Tissuewas analyzed six days post-infusion. Panels L, M andN illustrate
GUS staining of inﬂorescences from transgenic Arabidopsis plants containing the ARR5::GUS promoter–reporter, either mock-inoculated (L), bolts exhibiting SCTV symptoms (M) or
asymptomatic bolts from SCTV-infected plants (N).
240 S. Baliji et al. / Virology 402 (2010) 238–247promoter activity. This data correlates with similar responses in ARR5
promoter activity observed in the presence of TGMV AL2 and SCTV C2
(Figs. 1C and D). Taken together, the results are consistent with
increased expression of a cytokinin-responsive gene being a functional
consequence of the interaction betweenADK andAL2/C2. However the
precise mechanism of the interaction is yet to be understood.
Activity of a cytokinin-responsive promoter increases in SCTV-infected
Arabidopsis plants
In transient leaf infusion assays we have shown that expression
of either TGMV AL2 or SCTV C2, or inactivation of ADK, leads
to increases in the activity of a cytokinin-responsive promoter(Figs. 1. A–K). We therefore investigated whether similar increases
could be detected in Arabidopsis plants systemically infected with
SCTV. As TGMV does not infect Arabidopsis, we limited our study to
SCTV-infected plants. Rosette leaves on Arabidopsis plants transgenic
for the ARR5::GUS construct (D'Agostino et al., 2000) were
agroinoculated with either empty vector (mock) or wild type SCTV
and bolts, which are away from the site of inoculation, were stained
for GUS expression seven to ten days post-inoculation. Symptoms
typical of SCTV infection were observed in inoculated transgenic
Arabidopsis plants and are comparable to symptoms observed in
non-transgenic Arabidopsis plants (Baliji et al., 2007). Thus, presence
of the transgene did not affect either symptom production or the
overall infectivity of SCTV (data not shown). Intense GUS staining
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inoculated plants (Fig. 1L), consistent with previously reported
observations (D'Agostino et al., 2000). In contrast, intense GUS
staining was detectable throughout the inﬂorescence and in the
stems of bolts exhibiting symptoms typical of SCTV infection
(Fig. 1M). It is important to note that GUS staining in asymptomatic
bolts on SCTV-infected plants (Fig. 1N) was identical to bolts on
mock-inoculated plants (Fig. 1L) indicating that the increase in
cytokinin-responsive promoter activity is most likely speciﬁc to
geminivirus infection. Not all new bolts that emerge exhibit
symptoms when inoculated by the pin-prick method (Baliji et al.,
2007), but asymptomatic bolts contain no detectable levels of viral
DNA as observed by DNA gel blot hybridization (data not shown).
These results demonstrate that increased activity of the ARR5
cytokinin-responsive promoter correlates with symptomatic tissues
in SCTV-infected Arabidopsis, and strongly suggests that presence of
the virus is needed to elicit the response.Fig. 2. Geminivirus pathogenicity proteins induce increased expression of endogenous
primary cytokinin-responsive genes in Arabidopsis. The graphs indicate relative levels
of ARR5 (A) and ARR16 (B) mRNA. Values were determined by quantitative real-time
RT-PCR analysis of RNA isolated from Arabidopsis plants infused with Agrobacterium
cultures containing DNA capable of expressing CaLCuV AL2, SCTV C2 or vector alone
(Mock). Columns represent the fold change calculated from the mean ΔΔCt value from
two (SCTV) or three (CaLCuV) independent experiments using RNA isolated one and
two days post-infusion. Asterisks indicate signiﬁcant differences in expression as
determined using the Student's t-test (Pb0.05). P values for all samples are given.Geminivirus pathogenicity proteins increase expression of primary
cytokinin response regulators in Arabidopsis plants
Our earlier results have shown that TGMV AL2 and SCTV C2
mediate an increase in the activity of the primary cytokinin-
responsive ARR5 promoter in N. benthamiana leaves (Figs. 1E and F).
We then directly analyzed the response of endogenous ARR5 and a
second primary cytokinin response regulator, ARR16, in Arabidopsis
plants. It has been previously shown that ARR16 responds to
cytokinins in a similar manner to ARR5 (D'Agostino et al., 2000). As
TGMV does not infect Arabidopsis we used the AL2 gene from CaLCuV
(a begomovirus) and the C2 gene from SCTV (a curtovirus) for these
experiments. Whole Arabidopsis plants were vacuum inﬁltrated with
Agrobacterium cultures containing constructs capable of constitutively
expressing CaLCuV AL2, SCTV C2 or a construct containing empty
vector as a mock treatment. Total RNA was isolated one and two days
post-infusion (dpi) and quantitative real-time RT-PCR (qRT-PCR)
performed. Accumulation of RNA corresponding to CaLCuV AL2 and
SCTV C2 was conﬁrmed one and two days post-inﬁltration by RT-PCR
using virus-speciﬁc primers followed by southern hybridization
analysis of the ampliﬁed cDNA products (data not shown). After
two days under these conditions it was observed that levels of RNA
corresponding to CaLCuV AL2 and SCTV C2 decreased, and so the
experiments were limited to two days post-infusion. A signiﬁcant
increase in expression of endogenous ARR5 of approximately four-
fold (Student's t-test: Pb0.05), was detected in response to CaLCuV
AL2 at two dpi (Fig. 2A). We observed a similar trend with expression
of ARR16 in response to CaLCuV AL2 where a smaller increase of
approximately 1.5-fold was detected at 2 dpi (Fig. 2B), although there
was greater variation in expression (Student's t-test: Pb0.10).
Interestingly, in CaLCuV AL2 inﬁltrated Arabidopsis plants, we
detected an initial decrease in expression of both ARR5 and ARR16
at one dpi (Figs. 2A and B). To further extend these observations we
tested the expression of endogenous ARR5 and ARR16 in Arabidopsis
plants inﬁltrated with Agrobacterium capable of expressing SCTV C2.
As can be seen (Fig. 2A), ARR5 expression increased approximately 1.5
fold in response to SCTV C2 at both one and two dpi. Although an
initial decrease in ARR16 expression was observed at one dpi, ARR16
expression increased ∼two-fold at two dpi (Fig. 2B). Although there
were some differences in the response of the two cytokinin-
responsive genes to AL2/C2, the data overall are consistent with the
results observed in the N. benthamiana leaf infusion experiments.
These results also suggest that the AL2/C2 gene from geminiviruses
belonging to different genera is capable of inducing expression of
primary cytokinin-responsive genes, although the timing and
extent may vary between different viruses and the type of response
regulator.Mutation of endogenous ADK genes results in changes in gene expression
similar to AL2/C2-infused Arabidopsis plants
Earlier results demonstrate that increased activity from a primary
cytokinin-responsive promoter is likely a consequence of geminivirus
AL2/C2 interactionwith ADK (Fig. 1) and suggests increased cytokinin
accumulation and/or local signaling/transport. If the increase in
activity of primary cytokinin-responsive promoter activity is depen-
dent on ADK inhibition, then we should see similar results in
Arabidopsis plants that are defective for ADK function. To determine
whether similar changes in expression of the endogenous ARR5 and
ARR16 genes can occur through the direct inactivation of ADK, we
used qRT-PCR to analyze RNA isolated from Arabidopsis plants
deﬁcient for either ADK1 (adk1-1) or ADK2 (adk2-1) (Young et al.,
2006). Arabidopsis has two ADK genes, and each mutant was assayed
separately as the loss of all ADK function is lethal (Moffatt et al., 2002).
Fig. 3. Geminivirus infection induces expression of endogenous primary cytokinin-
responsive genes in Arabidopsis. The graph represents the relative quantiﬁcation of
ARR16 mRNA levels observed in different treatments. Values were determined by
quantitative real-time RT-PCR analysis of RNA isolated from Arabidopsis rosette leaves
systemically infected with Beet curly top virus (BCTV), Beet severe curly top virus
(BSCTV) or Spinach curly top virus (SCTV). The columns represent relative differences in
ARR16 mRNA levels compared to that present in mock-inoculated plants.
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mutant lines, as compared to wild type Arabidopsis plants (Table 1).
In the case of ARR16, expressionwas higher in adk-1 but lower in adk-2
mutant Arabidopsis as compared to wild type plants (Table 1). The
results do however generally conﬁrm that elimination of one copy of
ADK is sufﬁcient to increase expression of some cytokinin-responsive
genes, similar to that observed in Arabidopsis plants expressing SCTV
C2 or CaLCuV AL2 (Fig. 2).
Expression of endogenous cytokinin-responsive genes increases during
geminivirus infection
Earlier experiments demonstrated that geminivirus AL2/C2, when
over-expressed in Arabidopsis plants, increase expression of endog-
enous cytokinin-responsive genes (Fig. 2). To determine whether
similar increases in the expression of endogenous cytokinin-respon-
sive genes also occur in geminivirus infected plants, we examined the
expression of ARR16 in Arabidopsis rosette leaves after agroinocula-
tion with three different monopartite curly top viruses (BCTV; Beet
severe curly top virus, BSCTV; and SCTV). We chose ARR16 over ARR5,
as previous studies show increased accumulation of ARR16 transcripts
in cytokinin-treated rosette leaves of wild type Arabidopsis Col. plants
(Kiba et al., 1999). To better synchronize the infection, Arabidopsis
plants were grown under short day conditions (8 h light, 16 h dark,
21 °C) to induce the growth of rosette leaves (Samach and Coupland,
2000) and to prevent plants from ﬂowering (bolting). It should be
noted that under conditions where Arabidopsis plants inoculated with
SCTV are allowed to bolt, no viral DNA can be detected in rosette
leaves (data not shown). Total RNA was isolated 10 dpi at which time
rosette leaves displayed symptoms typical of a curly top infection. As
shown (Fig. 3), increases in expression of endogenous ARR16 mRNA
of 2.2 to 3.5-fold were detected in rosette leaves from Arabidopsis
plants infected with SCTV, BCTV and BSCTV, as compared to a vector
control (mock). These results are again consistent with geminivirus
infection causing increased expression of primary cytokinin-respon-
sive genes.
Application of exogenous BAP increases replication of wild type and c2–4
mutant SCTV in N. benthamiana leaves
The above results indicate that expression of AL2/C2 leads to an
increase in cytokinin-responsive gene expression, although this could
be part of an overall global effect of virus infection. If the interaction of
AL2/C2 with ADK inﬂuences the expression of cytokinin-responsive
genes, we expect this to be important for pathogenesis. As cytokinins
are important for cell cycle progression this would be expected to beTable 1
Differences in expression of endogenous cytokinin-responsive genes in Arabidopsis adk
knockout plants.
Genea Sampleb Fold-changec P Valued
ARR5 (At3g48100) Wild type 1.00 NA
adk1-1 1.53±0.14 Pb0.001
adk2-1 1.55±0.33 Pb0.05
ARR16 (At2g40670) Wild type 1.00 NA
adk1-1 1.61±0.14 Pb0.05
adk2-1 0.58±0.33 Pb0.05
a Gene identiﬁcation is according to The Arabidopsis Information Resource (TAIR)
database.
b Samples represent RNA isolated from wild type Arabidopsis plants or Arabidopsis
plants containing T-DNA insertions in the ADK1 (adk1-1) or ADK2 (adk2-1) genes.
c The fold-change represents an average calculated from ΔΔCt values using three
technical replicates from each of two (ARR16) or four (ARR5) independent experiments
using quantitative real-time RT-PCR. ΔCt values were calculated relative to an
endogenous control (β-tubulin; At2g29550). The standard error of the mean is given.
d The P value was calculated using a Student's t-test on ΔCt values. Values were
derived from three technical replicates from each of two (ARR16) or four (ARR5)
independent experiments. NA=not applicable.critical for DNAvirus replication.We therefore extended our analysis by
testing the effect of exogenous cytokinin on geminivirus replication
using a transient leaf infusion assay (Johansen and Carrington 2001).
SCTVwas chosen for this experimentdue to the availability of SCTVDNA
containing amutation in the C2 gene,which exhibits a two to three-fold
reduction in viral DNA accumulation relative towild type virus (Baliji et
al., 2007). Viral DNA levels eventually become comparable in extracts
from plants infected with either mutant or wild type SCTV (Baliji et al.,
2007).N. benthamiana leaveswere infusedwithAgrobacterium contain-
ingDNA capable of releasingwild type or c2–4mutant SCTVgenomes in
the absence or presence of 5 µM BAP, which elicits a signiﬁcant
cytokinin response (D'Agostino et al., 2000). Total DNA was isolated
from infused leaves three to nine days post-infusion and viral DNA
forms identiﬁed byDNA gel blot hybridization. The total amount of viral
DNA was normalized to 18S rDNA by phosphorimager analysis. Viral
DNA can be detected in leaves infused with both wild type and c2–4
mutant virus (Fig. 4A). However, differences in the kinetics of viral DNA
accumulation were observed. In the absence of BAP, replicating viral
DNA derived fromwild type or c2–4mutant SCTV is detectable after six
days. However, the amount of c2–4 mutant DNA is approximately 16-
fold lower thanwild type SCTVDNA at this time point (Fig. 4A). By nine
days post-infusion little difference is observed in wild type and mutant
viral DNA accumulation. This is consistent with previous data in
protoplasts where the kinetics of c2–4 mutant virus accumulation is
delayed (Baliji et al., 2007). When exogenous BAP is added with the
virus inoculum, both wild type and mutant viral DNA are now
detectable after three days, although the level of viral DNA derived
from c2–4 mutant SCTV is approximately three-fold lower than wild
type SCTVDNA(Fig. 4A). The total amountofmutant viralDNAdetected
at three days post-infusion in the presence of BAP, is approximately
two-fold higher than that detected at six days post-infusion in the
absence of BAP. Together this data suggests that increasing cytokinin
levels, through the application of exogenous BAP, partially comple-
ments a c2mutation, resulting in an increase in viral DNA replication.
We expect this effect to be limited to DNA viruses that require re-
initiation of the plant cell cycle. To test if application of exogenous BAP
had a speciﬁc effect we performed similar experiments using Tomato
bushy stunt virus (TBSV) a (+) sense single-stranded RNA virus (Kim
et al., 2007). For these experiments TBSV carrying a mutation in the
P19 silencing suppressor was used, as wild type TBSV causes lethal
necrosis upon systemic infection of N. benthamiana (Scholthof et al.,
1995). As can be seen (Fig. 4B), no difference in TBSV replication was
Fig. 4. The effect of exogenous cytokinin on accumulation of viral nucleic acid in
N. benthamiana leaves. N. benthamiana leaves were infused with Agrobacterium cultures
containing wild type or c2–4 mutant SCTV DNA (A), or mechanically inoculated with
TBSV (B), in the absence or presence of 5 µM Benzylaminopurine (−/+ BAP). Total
DNA or RNA was isolated from leaves three to 12 days post-infusion and hybridized to
probes speciﬁc for SCTV (A) or TBSV (B). To the left of each panel double-stranded
supercoiled (SC), open circular (OC) and linear (LIN), and single-stranded (SS) viral
DNA forms of SCTV, and genomic (g) and subgenomic (sg1) forms of TBSV are shown.
Hybridization was normalized to either 18S rDNA (A) or 18S rRNA (B). The relative
levels of total viral DNA or RNA are indicated below each respective panel. For SCTV a
value of 1was arbitrarily assigned to the total amountof viral DNApresent in samples from
leaves infused with wild type SCTV in the absence of BAP at six days post-infusion (A).
For TBSV a value of 1 was arbitrarily assigned to the total amount of viral RNA present in
samples from leaves inoculated in the absence of BAP at three days post-infusion (B).
Table 2
Mean latent period following TGMV or SCTV inoculation of Nicotiana benthamiana
plants in the absence or presence of exogenous cytokinin treatment.
Virus Inoculum Dose −BAP +BAP
TGMV A+ B 1.0 13.9 ± 1.3 (15/18) 12.7 ± 0.7 (18/18)a
0.2 13.4 ± 1.8 (11/15) 11.4 ± 0.9 (17/18)a
Wild type SCTV 0.04 8.6 ± 0.7 (18/18) 7.9 ± 0.4 (18/18)a
0.008 9.1 ± 0.7 (18/18) 7.8 ± 0.4 (18/18)a
SCTV c2-4 mutant 0.04 9.4 ± 0.8 (17/17) 9.1 ± 0.6 (17/17)b
0.008 11.0 ± 1.2 (17/17) 9.0 ± 0.5 (18/18)a
Note. Plants were agro-inoculated with TGMV or SCTV as described in the Materials and
Methods. Plants were scored for the appearance of systemic symptoms typical of TGMV
or SCTV infection. Lower case superscripts indicate signiﬁcant differences in the mean
latent period (days post inoculation ± SE) observed in the absence or presence of BAP
as conﬁrmed by ANOVA (aPb0.05; bPb0.10). Numbers in parentheses indicate
infectivity (number of plants infected/number plants inoculated).
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infection. This result demonstrates that the effect of increased SCTV
DNA replication in the presence of exogenous cytokinins appears to be
speciﬁc to geminiviruses. However, whether this effect is general for
DNA viruses still needs to be determined. These results provide
further evidence that increased expression of cytokinin-responsive
genes is important for geminiviral pathogenesis.
Application of exogenous BAP reduces the mean latent period for
geminivirus infection
To further examine the biological signiﬁcance of increased
cytokinins we analyzed the effect of exogenous application of BAP
on geminivirus infectivity. N. benthamiana plants were inoculated
with differing inoculum doses of Agrobacterium containing DNA
capable of releasing wild type TGMV A and B genomes in the absence
or presence of 5 µM BAP. Inoculum doses of 1.0 and 0.2 (OD600nm)
were chosen based on previous observations that infectivity drops
below 50% at lower doses (Sunter et al., 2001). Plants were scored forthe time to ﬁrst appearance of symptoms (mean latent period) typical
of a TGMV infection (Table 2). Plants inoculated in the presence of
5 µM BAP exhibited systemic symptoms typical of TGMV infection one
to two days earlier than plants inoculated in the absence of BAP,
depending on the inoculum dose. ANOVA conﬁrmed that mean latent
period reductions observed were statistically different (Pb0.05).
In similar experiments, N. benthamiana plants were inoculated
with differing inoculum doses of Agrobacterium containing DNA
capable of releasing wild type or c2–4 mutant SCTV genomes in the
absence or presence of 5 µM BAP. In this case, inoculum doses of 0.04
and 0.008 (OD600nm), were chosen based on observations that ∼100%
of plants become infected even at these lower inoculum doses (Baliji
et al., 2007). Plants inoculated in the presence of BAP exhibited
systemic symptoms typical of SCTV infection approximately one day
earlier than plants inoculated in the absence of BAP (Table 2) at
inoculum doses of 0.04 and 0.008 (Pb0.05). As the application of
exogenous BAP results in increased replication of c2–4mutant SCTV in
leaves (Fig. 4A), we analyzed the infectivity of mutant virus in the
presence of BAP (Table 2). A small reduction in mean latent period
was observed at an inoculum dose of 0.04 (Pb0.10) whereas a
reduction of two days was observed at an inoculum dose of 0.008
(Pb0.05). Overall, the results demonstrate a trend towards a
reduction in the mean latent period for TGMV and SCTV infection in
the presence of exogenously applied cytokinin. This is consistent with
the presence of increased levels of cytokinins responses being
important for geminivirus pathogenesis.Discussion
Geminiviruses typically infect terminally differentiated plant cells
and reprogram the cellular environment for successful viral ampliﬁ-
cation and pathogenesis. Several geminiviral proteins have been
shown to interact with host factors to facilitate infection. One such
example is the interaction between geminivirus AL2/C2/L2 proteins
and two cellular kinases, SnRK1 (AKIN11) and ADK, which is thought
to represent a dual strategy for countering host defense mechanisms
directed against geminiviruses (Hao et al., 2003; Wang et al., 2003;
Baliji et al., 2007). Plants transgenic for either TGMV AL2 or BCTV L2
exhibit an enhanced susceptibility phenotype that is likely due to
direct inactivation of SnRK1 (Sunter et al., 2001; Hao et al., 2003). A
second interaction with ADK is predicted to lead to loss of AMP by
preventing the conversion of adenosine to 5′-AMP (Hao et al., 2003;
Wang et al., 2003; Baliji et al., 2007). It has been reported that 5′-AMP
inhibits inactivation of spinach SnRK1 through binding of AMP
suggesting plant SnRK1 kinases are regulated by AMP in a manner
similar to their mammalian counterparts (Sugden et al., 1999).
Thus, geminiviruses might target an ADK/SnRK1 complex to facilitate
244 S. Baliji et al. / Virology 402 (2010) 238–247infection (Wang et al., 2003). TGMV AL2 and BCTV L2 proteins also
suppress antiviral gene silencing through interfering with the
methyl cycle (Wang et al., 2005; Raja et al., 2008). As histone and
DNA methylation are known to be associated with RNA silencing
this suggests a link between ADK inhibition by geminivirus AL2/C2
proteins and silencing suppression. Thus geminivirus AL2/C2/L2
gene products employ multiple strategies for countering antiviral
defenses.
The evidence presented here provides a third possible reason why
geminiviruses targetADKduring infection. ADKappears to play a role in
regulating the relative levels of different cytokinin formswithin the cell
(von Schwartzenberg et al., 1998) and recent evidence indicates a
possible link to cell cycle progression (Kwade et al., 2005). Naturally
occurring cytokinins are N6-substituted adenine derivatives that exist
in multiple forms (Hutchison and Kieber, 2002), with the cytokinin
free-base being the biologically active phytohormone (Astot et al.,
2000). The interconversion of free-bases to nucleosides and nucleo-
tides, also plays an important role in cytokinin metabolism (Zrenner
et al., 2006). ADK converts cytokinin nucleosides to low activity
nucleotide forms through phosphorylation to help reduce the bioactive
pool of cytokinin and maintain interconversion (von Schwartzenberg
et al., 1998; Moffatt et al., 2000). Inactivation of ADK would
therefore most likely lead to an increase in the pool of bioactive
cytokinin. In support of this we have shown that activity of a primary
cytokinin-responsive promoter (ARR5) increases in geminivirus
infected Arabidopsis plants (Fig. 1). This correlates with an increase in
endogenous mRNA accumulation (Fig. 1 and Table 1) when ADK is
inactivated chemically or by RNAi. A similar increase in ARR5 promoter
activity is observed when the TGMV AL2 or SCTV C2 gene is over-
expressed (Fig. 1 andTable1). As theseproteins areknown to inactivate
ADK (Wang et al., 2003) it might be logical to assume that the ADK/C2
interaction leads to increased ARR5 promoter activity. However,
mutations that speciﬁcally disrupt this interaction have not been
mapped and interpretation of results from such amutant proteinmight
be challenging given that the interaction domain overlaps with
domains necessary for interaction with SnRK1 and self-interaction.
The observable increase does not however appear to be consequence of
the transcriptional activity of TGMV AL2 as induction of the ARR5
promoter was detected in tissue expressing SCTV C2 that lacks any
transcription factor activity (Baliji et al., 2007). Similar increases in
endogenous ARR5 expression were observed in Arabidopsis plants
infectedwith SCTV. Increases in ARR5 expression were not observed in
uninfected tissue indicating that the presence of virus appears to be
necessary for the observed induction in expression. This result would
also argue against the possibility of a signaling event that leads to
systemic increases in cytokinin-responsive promoter activity that is
initiated at the site of inoculation. An interesting question is whether
increased cytokinin promoter activity correlates with tissue tropism of
the virus. However, our leaf infusion data might argue against this as
both SCTV, a phloem limited virus, and TGMV, non-phloem limited,
appear to give the same staining pattern in N. benthamiana (Fig. 1).
While this doesnot rule out a correlationbetweenpromoter activity and
tissue tropism of the virus in Arabidopsis, the observable increases in
promoter activity could be a result of increased cytokinin accumulation,
signaling and/or changes in transport,which could not be distinguished
in this study.
Variation in ARR5 promoter activity as measured either by
histochemical GUS staining (Fig. 1) or analysis of endogenous
transcript levels (Figs. 2 and 3) could reﬂect differences in the stability
of GUS and ARR5 mRNA, the long half-life of GUS protein, and/or a
missing ARR5 regulatory sequence as previously outlined (D'Agostino
et al., 2000). Some differences were apparent depending on the
response regulator tested and the virus gene tested. One possible
explanation is that differences could relate to the tissue speciﬁc
expressionof the two response regulators. ARR5 is primarily expressed
in root and shoot meristems in the absence of exogenous cytokinin(D'Agostino et al., 2000), but expression expands to tissues around the
shoot meristematic region and in all root tissues (To et al., 2004). In
contrast, cytokinin appears to induce expression of ARR16 primarily
within root endodermis of young seedlings (Kiba et al., 2002), but also
shows increased accumulation in cytokinin-treated leaves of wild
type Arabidopsis Col. plants (Kiba et al., 1999). Initial decreases in
expression could be a result of a stress-response that inhibits ARR5 and
ARR16 expression, or this could reﬂect the amount of time required for
AL2/C2 protein to accumulate and inactivate ADK, therefore inducing
ARR5 and ARR16 promoter activity. Despite these alternatives, our data
does suggest that induction of primary cytokinin response genes is
consistent with the ability of geminivirus pathogenicity (AL2/C2)
proteins of viruses from two genera to interact with ADK (Wang et al.,
2003).
The observable increases in ARR5 promoter activity could be a
consequence of the interaction of AL2/C2 with ADK, as induction can
be detected when ADK, but not SnRK1, is inhibited by targeting
either RNA, protein or by mutation (Fig. 1 and Table 1). Inactivation of
ADK would prevent conversion of cytokinin nucleosides to the low
activity nucleotide forms thus maintaining higher levels of bioactive
cytokinins. This conclusion is supported by data that demonstrates
reduced ADK activity in plants infectedwith either TGMV or BCTV, but
not with a BCTV l2 mutant virus (Wang et al., 2003) that can only
produce the ﬁrst 73 amino acids of L2 (Hormuzdi and Bisaro 1995).
Arabidopsis plants containing mutations in the adk-1 or adk-2 alleles
are extremely sensitive to infection with geminiviruses (Raja et al.,
2008), although symptoms appear more enhanced in adk-1 versus
adk-2mutant plants. This could reﬂect the multiple pathways affected
by the ADK/AL2/C2 interaction. Another possible explanation for
increases in cytokinin-responsive gene expression upon inactivation
of ADK is a general reduction in methylation. This is also consistent
with recent observations that inhibition of ADK by geminivirus AL2/
C2 proteins can interfere with methylation (Buchmann et al., 2009).
However, in our analysis we also observed decreases in the expression
of ARR5 and ARR16 one day after infusion of Arabidopsiswith CaLCuV
AL2 (Fig. 2), which would suggest that increases in expression of
cytokinin-responsive genes is not a consequence of general demethy-
lation of host chromatin.
Support for a role of cytokinins in geminiviral pathogenesis is
provided by observations that exogenous application of cytokinin
results in an increase in the kinetics of viral DNA accumulation (Fig. 4)
and reduces the mean latent period for symptom appearance of both
TGMV and SCTV (Table 2). In addition, a mutation in the c2 gene in
SCTV, which results in delayed replication kinetics and milder
symptoms as compared to wild type virus (Baliji et al., 2007), can
be partially complemented by the addition of exogenous cytokinin
(Fig. 4A). Although the reduction in mean latent period is only one to
two days, this could be considered an increase in virulence. Although
we did not observe any obvious enhancement of disease symptoms,
we did detect increases in replication (Fig. 4A) upon treatment with
exogenous cytokinin. This result is in contrast to the enhanced
susceptibility (ES) phenotype associated with the interaction of
geminivirus AL2/C2 with SnRK1, where no increase in viral nucleic
acids is observed (Sunter et al., 2001).
One beneﬁt to geminiviruses of increasing cytokinin levels would
be to promote cell proliferation. Previous data has elegantly shown
that the TGMV AL1 and AL3 proteins relieve E2F-mediated repression
of genes required for replication through interaction with pRBR
(Egelkrout et al., 2001). However, in our experiments we did not see
an increase in activity of the ARR5 cytokinin-responsive promoter
when AL1 or AL3 was present (Fig. 1). This might imply that although
the proteins involved in geminivirus replication can promote
transition of cells from G1 to S, this is not sufﬁcient to induce
increases in expression of cytokinin response regulators that may be
needed to maintain an active state of replication. Thus, it is possible
that this is achieved through the interaction of AL2 with ADK, and that
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replication. A simplistic model would be that upon infection
geminiviruses express early viral genes required for replication (AL1
and AL3) and suppression of defense responses (AL2). The AL1 and
AL3 proteins interact with pRBR to release E2F transcription factors
responsible for expression of genes required for cell cycle progression
(Egelkrout et al., 2001). In this model inactivation of ADK by AL2/C2
would cause an increase in cytokinin levels by preventing conversion
of active cytokinins to lower activity forms. Observations that ADK
activity increases during S-phase, reaching a peak at G2 (Kwade et al.,
2005), are consistent with this idea. In addition, application of
exogenous cytokinins or transgenic plants over-expressing cytokinins
has been shown to delay senescence (Ori et al., 1999). Senescence
eventually leads to death of the leaf as a consequence of mobilizing
nutrients from senescing leaves to other parts of the plant (Li et al.,
1992). This could be potentially detrimental to the virus and
preventing this would therefore be advantageous to virus survival.
Regardless, it is clear that geminiviruses have evolved multiple
strategies to provide a cellular environment conducive to viral
ampliﬁcation and our results suggest that geminiviruses target ADK
for several important reasons: suppression of silencing through
inhibition of the methyl cycle (Wang et al., 2005), blocking activation
of SnRK1 (Hao et al., 2003) and increasing cytokinin levels (this
report). It therefore seems that the AL2/ADK/SnRK1 interaction is an
extremely important interaction for viral pathogenesis to enable
efﬁcient ampliﬁcation and successful infection. We are currently
investigating several aspects of this model, including analysis of
additional cytokinin-responsive and senescence-related genes.
Materials and methods
DNA constructs and plant material
Cloned DNA (pIB-1.6TC) containing the 1.6 kbp fragment of the
promoter region of the Arabidopsis ARR5 gene fused upstream of the
ß-glucuronidase (GUS) reporter gene in the Agrobacterium Ti plasmid
vector, pBI101.1, and transgenic Arabidopsis ecotype Wassilewskija
containing pIB-1.6TC (D'Agostino et al. 2000) were kindly provided by
Dr. J. Kieber (Dept of Biology, University of North Carolina, Chapel Hill,
NC). Plasmid pIB-1.6TC was introduced into Agrobacterium strain C58
(provided by Dr. Bisaro, The Ohio State University, Columbus, OH) by
triparental mating and the resulting construct (ARR5::GUS) used for
infusion assays.
Plasmid DNAs containing tandemly repeated copies of wild
type (pSCTV-WT) or c2–4 mutant (pSCTV C2–4) SCTV DNA in a Ti
plasmid vector have been described (Baliji et al., 2004; Baliji et al.,
2007). Cloned DNAs capable of expressing SCTV C2 or CaLCuV
AL2 from the CaMV 35 S promoter were generated by PCR. The
SCTV C2 ORF (444 bp) was ampliﬁed using C2 speciﬁc primers
(forward: 5′-gcgagatctccatggaagcgcttaagtcctggacgc-3′ and reverse:
5′-gcgctgcagctcgagttaatagagatcgtttccctc-3′) from pSCTV-WT (Baliji
et al., 2004). The PCR product was cleaved with XhoI (underlined,
reverse primer), klenow treated and digested with BglII (underlined,
forward primer). The resulting product was inserted into BglII and
SmaI cleaved pMON530 (Rogers et al., 1987) to generate p35s-SCTV
C2. The CaLCuV AL2 ORF (390 bp) was ampliﬁed using AL2 speciﬁc
primers (forward: 5′-gcgagatctccatggatgcaaaattcatcactcttg-3′ and
reverse 5′-gcgaagcttggatccctacttaaatatgtcggccc-3′) from CaLCuV
DNA A (Abouzid et al., 1992). The PCR product was cleaved with
HindIII (underlined, reverse primer), klenow treated and digested
with BglII (underlined, forward primer). The resulting PCR product
was inserted into BglII and SmaI cleaved pMON530 (Rogers et al.,
1987) to generate p35s-CaLCuV AL2. The presence of each ORF in
the sense orientation was conﬁrmed by DNA sequencing. The
resulting Ti plasmid constructs were mobilized into Agrobacterium
strain GV3111SE by triparental mating (Rogers et al., 1987). Plasmidconstructs containing dsADK and dsSNF1, and Arabidopsis plants
deﬁcient for either ADK1 (adk1-1: SALK_040957/ 11 At3g09820.1)
or ADK2 (adk2-1: SALK_000565/ At5g03300) were obtained from
Dr. D. M. Bisaro (The Ohio State University, Columbus, OH).
Plant inoculation
Arabidopsis and N. benthamiana plants were inoculated with
Agrobacterium cultures containing tandemly repeated copies of wild
type SCTV, c2–4 mutant SCTV or wild type TGMV DNA A and B using
different dilutions of a standard dose (OD600=1.0) as described
previously (Sunter et al., 2001; Baliji et al., 2004). Negative controls
consisted of plants mock-inoculated with Agrobacterium cultures
containing the Ti plasmid vector alone. Inoculated plants were scored
for appearance of symptoms typical of TGMV or SCTV infection. Mean
latent periods were recorded and statistical analysis performed by
ANOVA as described (Sunter et al., 2001). Symptomatic, asymptom-
atic, and mock-inoculated plant samples were stained for GUS activity
six days post-inoculation. Photographs were taken with Canon
PowerShot A530 digital camera.
Agrobacterium infusion assays
Agrobacterium cultures containing individual plasmid constructs
were incubated overnight in inﬁltrationmedium at room temperature
as described (Johansen and Carrington, 2001). Where necessary
cultures were mixed prior to infusion by combining equal volumes of
a standard dose (OD600=1.0). Healthy N. benthamiana plants at the
four to six leaf stages were infused with the cultures on the underside
of the leaves using a 3-cc syringe. In some infusion experiments, the
ADK inhibitor A-134974 (Sigma) was mixed with Agrobacterium
cultures to a ﬁnal concentration of 100 µM just prior to leaf infusions
as described (Wang et al., 2005). Infused N. benthamiana leaf tissue
was analyzed for GUS expression using a histochemical assay as
previously described (Sunter and Bisaro, 1991, 1997). Infusion
experiments were repeated a minimum of twice. Photographs of the
infusion sites were taken with either a Canon PowerShot A530 digital
camera for macroscopic observation or infused leaves were mounted
on microscopic slides, visualized and photographed using a light
microscope equipped with a digital camera (Axioskop, Carl Zeiss).
For vacuum inﬁltration of whole Arabidopsis plants Agrobacterium
cultureswere poured into a beaker of an appropriate size andplaced into
a vacuum jar and the solution degassed by drawing vacuum until
bubbles formed.ArabidopsisCol-0plants (4–6 weeksold)were sprinkled
with water prior to inﬁltration and then whole plants submerged in the
Agrobacterium culture ensuring all rosette leaveswere submerged in the
solution. Vacuum was drawn for 20–30 min at a pressure of approx-
imately 0.05 bar. Plants were removed from the beaker, replanted into
moist soil, covered and placed in a growth chamber under long day
conditions (16 h light and 8 h dark, 21 °C) unless otherwise speciﬁed.
RNA isolation and RT-PCR
Total RNA was isolated from inﬁltrated leaves of Arabidopsis using
Plant RNA Reagent as described by the manufacturer (Invitrogen,
Carlsbad, CA), treated with DNaseI (Ambion, Austin, TX) and puriﬁed
through RNeasy MiniElute clean up kit (Qiagen, Valencia, CA). Total
RNA, free from contaminating DNA, was stored at −80 °C. The
presence of mRNA speciﬁc to the SCTV C2 or CaLCuV AL2 coding
regions was conﬁrmed by RT-PCR analysis using C2 or AL2 ORF
speciﬁc primers. Speciﬁc cDNA products were detected by hybridiza-
tion to 32P-labeled probes speciﬁc for either, SCTV C2 or CaLCuV AL2,
generated by random priming (DECA Prime II labeling kit, Ambion,
Austin, TX). DNA was identiﬁed by phosphorimager (Molecular
Imager FX, Bio-Rad, Hercules, CA).
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The identiﬁcation of differentially expressed genes depends on the
ability to distinguish steady state mRNA levels. Thus, real-time
quantitative RT-PCR (qRT-PCR) was used to assess differences in
expression of genes in response to the proteins of interest by
comparison to a vector treated control. Total RNA (1 µg) was isolated
from Arabidopsis tissue as described above, and reverse transcribed
using a high-capacity cDNA archive kit (Applied Biosystems, Foster
city, CA). Real-time PCR analysis was performed using a 7500 Real-
time PCR system (Applied Biosystems, Foster city, CA) with TaqMan
Gene Expression Assays (FAM reporter dye at the 5′ end of the
TaqMan MGB probe and a non-ﬂuorescent quencher at the 3′ end of
the probe) at a concentration of 18 µM for each primer and 5 µM
for the probe. Assays for Arabidopsis genes ARR5 (At3g48100) and
ARR16 (At2g40670) were used. For each experiment, target samples
were also analyzed using TaqMan Gene Expression Assays for
Arabidopsis ß-tubulin (At2g29550) as an endogenous control. Inde-
pendent biological samples from two to four experiments were used
for the analysis. For each biological sample we used three to four
replicates. Ct values for eachwell positionwere examined prior to data
analysis. Differences in gene expression between the target gene and
endogenous control (ΔCt) for each replicate were calculated and used
tomeasure differences between treatments (ΔΔCt) using 7500 System
SDS software (Applied Biosystems, Foster city, CA). ΔCt values for all
replicates within the control or treatment groups were tested for
statistical variation (Yuan et al., 2006) using the parametric Student's
t-test if the data indicated a normal distribution with equal variance.
If this was not the case, then the non-parametric Wilcoxon Signed
Rank test was used (Zar, 1974). Standard errors were calculated using
the mean ΔCt values for control and treatment samples.Southern and Northern blot hybridization
DNA or RNA was isolated from virus-infected N. benthamiana
leaves and analyzed by DNA or RNA gel blot hybridization as
described previously (Baliji et al., 2007). The presence of SCTV DNA
or TBSV RNA was assessed by DNA or RNA gel blot hybridization to
32P-labeled probes speciﬁc for SCTV or TBSV. Probes were prepared by
random priming (DECA Prime II labeling kit, Ambion, Austin, TX),
using PCR products generated with primers speciﬁc for the SCTV C2
coding region (Baliji et al., 2007) or TBSV (Primers TBSV2F and TBSV
2R: Kim et al., 2007). Hybridization signals were quantiﬁed by
phosphorimager analysis (Molecular Imager FX, Bio-Rad, Hercules,
CA) and normalized to hybridization signals for 18S rDNA or 18S rRNA
as appropriate (Sunter et al., 2001).Acknowledgments
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